I. INTRODUCTION

M
ETHODS to estimate the flux, rotor position and velocity of an induction machine for sensorless control have been extensively studied in the past two decades. Two main directions for these estimations are a) rotor saliency based on signal injection [1] - [8] ; b) terminal quantities based on measurements of stator voltages and currents [9] - [26] . The saliency based technique with the fundamental excitation [1] , [2] often fails at low and zero speeds. When applied with the high frequency signal injection [3] - [8] , the method may cause torque ripples, vibration, and audible noise. Also, the saliency based technique is machine specific and can not be applied to a standard machine. Therefore, the focus of this paper is flux, rotor position and velocity estimation based on terminal quantities [9] - [26] .
The key issues when using the terminal quantity method are flux integration, unavailability of the signal at low speed and parameter sensitivity. The voltage model flux observer is especially sensitive to the stator resistance at low speed and the H.-u. Rehman is with the Department of Electrical Engineering, United Arab Emirates University, Al-ain, United Arab Emirates (e-mail: hrehman@uaeu.ac.ae).
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Digital Object Identifier 10.1109/TPEL. 2002.805579 leakage inductance at all speeds. The current model flux observer is sensitive to the rotor time constant, which varies with the temperature. Also an error in the estimated speed will affect the flux estimation because the flux estimation in the current model flux observer requires the rotor speed information. Different schemes to overcome these problems and to improve the sensorless control have been proposed in the literature [9] - [26] . The voltage model flux and speed estimations [9] have problems at low frequency regions where the signal to noise ratio of the stator voltage measurement is very poor, and voltage drop on the stator resistance is dominant. The voltage model is also sensitive to the leakage inductance. Xu [10] - [12] used the stator flux orientation in which leakage inductance appears in the feedback loop of the system, and hence improves the system performance as well as steady state operation.
The current model flux observer is considered to out perform the voltage model flux observer at low speeds. Also, its accuracy is relatively unaffected by the leakage inductance for any operating condition [13] . However, it does not work well at high speed due to rotor resistance variation. As a solution, it has been suggested to use the current model observer at low speed and voltage model observer at high speed [13] , [14] . To further improve the observers performance, close loop rotor flux observers are proposed. These observers use the estimated stator currant error [13] - [15] or the estimated stator voltage error [15] , [16] to drive the estimated rotor flux to the actual flux. Model reference adaptive schemes are proposed in [16] - [18] , where one of the flux estimators acts as a reference model, and the other acts as the adaptive estimator. To overcome the integration problem, Tajima [16] and Peng [17] suggested the use of back emf and instantaneous reactive power as alternative ways of forming the errors used to estimate the velocity in the adaptive controller. However, an accurate flux estimation problem still remains. Another problem arises because the rotor velocity adaptation is error driven. This causes an inherent lag in the velocity estimate. Reduced order observers are designed in [19] , in which only the rotor flux, not the stator current is estimated. The correction is then applied by using the error between the actual stator voltage vector and an estimate. However, this requires adding voltage sensors to the system, which is not desirable.
Extended Kalman filters have also been proposed [20] , [21] as a potential solution for better flux estimation when using the motor terminal quantities alone. Unfortunately, this approach contains some inherent disadvantages such as it's computational expense and have no specific design and tuning criteria.
Sliding mode has been documented to have the advantages of robustness and parameters insensitivity [22] . Flux observers 0885-8993/02$17.00 © 2002 IEEE have been designed [22] - [26] using the sliding mode technique for sensorless speed control of induction machines. These algorithms use a current model flux observer and apply a correction term based on the current estimation error. The performance of sliding mode observer presented in [22] , [23] is experimentally validated for sinusoidal speed tracking with limited band width capability. Also, all of these observers [22] - [26] require the rotor speed and rotor time constant for the current and flux estimations. Therefore, an error in the estimated speed or rotor time constant will affect the current and flux estimations, and thus degrade the observer accuracy.
In this paper, a new current model flux observer is developed, with the goal of not requiring any speed and rotor time constant information. Therefore, any error in the rotor time constant and estimated speed will not be fed back into the current or flux estimations, a feature widely different from the current model flux observers designed to date. The inherited qualities of the sliding mode control, coupled with the way this observer is designed, will result in a sensorless controller which is invariant to external disturbances and has better dynamic performance over a wide speed range.
II. METHODOLOGY FOR THE PROPOSED FLUX AND SPEED OBSERVERS
In this section, first we describe the dynamic model of the induction machine with the stator currents and rotor fluxes. This is commonly known as the current model flux observer. This description is followed by the design of two sliding mode functions along and axes, which lead to the proposed new close loop current model flux observer requiring no rotor time constant and rotor speed information. Machine speed is determined using the estimated flux and the sliding mode functions, thus completing the design of proposed current, flux and speed observers.
A. Induction Machine Dynamic Model and the Sliding Mode Functions
The induction machine model with the stator currents and rotor fluxes defined as the state variables can be written in the stationary -coordinate system as These equations can be represented in the matrix form as (1) (2) In (1) and (2) We next define the matrix as It can be observed in (1) and (2) that the matrix appears as a common term in both the current and flux equations of the machine. By their nature, (1) and (2) have the advantage that the coupling terms between and axes are exactly the same. This implies that the coupling terms can be replaced with the same sliding mode function . On convergence, the sliding mode function will provide an estimate of the matrix (3) Therefore, (1) for current observer becomes (4) and (2) The sliding mode surface is defined as (8) , and , are the observed and measured stator current components, respectively.
When the estimation error trajectories reach the sliding surface ( , the observed currents in (7) will converge to the actual currents ( and . The selection of in (6) , which guarantees the current observation convergence by the Lyapunov stability analysis, is presented in the Appendix. As indicated by (5) , once the estimated current converges to the measured one, the flux estimation is a mere integration of the sliding mode functions without requiring any knowledge of the rotor time constant and rotor speed. Equations (3)- (7) form the core of the current and flux observers. The block diagram for overall sliding mode observer along with the speed estimator is shown in Fig. 1 .
As indicated by (6) and (7), two independent sliding mode functions, and , are designed for the and axes current observers respectively. These sliding mode functions are based on the error between the measured and estimated phase currents. It is important to notice that in real machine equations, there exists a coupling between the and axes of the current and flux equations. Especially in (2), the flux along axis is a function of flux along axes and vice versa. However, when the sliding mode functions defined in (6) are substituted in the observer equations, the current and flux observer models become relatively decoupled along and axes. This is because with these sliding mode functions, the and axes currents are estimated based on their self current errors (i.e., the error between the observed and measured current). The close loop current observer uses the measured current for feedback and no integration operation is used for current estimation. As a result, there is no offset or drift problem in the current observer.
B. Flux, Speed and Rotor Time Constant Estimation
As defined by (5), flux can be estimated by integration of and . However, and will take the extreme values of and at a high frequency and will oscillate around their actual values. To define the control action which maintains the motion on the sliding manifold, an "equivalent control" concept [22] is used. Solving for and will yield the equivalent control action. In practice, the discontinuous control can be considered as a combination of an equivalent control term and a high frequency switching term. So the equivalent control term can be found by isolating the continuous term using a low-pass filter, which is implemented as (9) where is the time constant of the filter and is selected as 0.002. It should be sufficiently small to preserver the slow component undistorted but large enough to eliminate the high frequency components. The ripple of speed can be reduced by increasing the value of . Another low pass filter with a small cutoff frequency (10 to 20 Hz) can be used in the speed feedback loop to smooth the speed. When the trajectories of system reach the sliding surface , the observer currents , match the actual currents , . Equations (3) and (9) can then be used to obtain (10) Using (5) and (10), the rotor flux can be calculated as (11) The flux estimate from (5) or (11) can be destabilized by a variety of errors, including DC offset, parameter detuning and digital approximation errors. Therefore, a small amount of feedback is required to maintain the stability of the integral in the presence of noise or offset errors. Here, an integral scheme with a small amount of negative feedback to pure integral, which is discussed in detail in [27] , [28] , is used to achieve successful integration of flux equations. Next multiplying row one of (10) by and row two by , we obtain (12) From (12) the estimated speed can be written as (13) Note that the rotor time constant and estimated speed are not used for the current and flux estimations. Thus an error in the rotor time constant and estimated speed will not be fed back into the current and flux estimations. The proposed algorithm is then implemented on an indirect filed oriented drive system. Synchronous speed is calculated by adding the command slip speed and the estimated rotor electrical speed. The overall system diagram is shown in Fig. 2 . The details of sliding mode flux and speed observer block are already described in Fig. 1 .
III. SIMULATION RESULTS
Computer simulations have been developed using a 5 HP induction machine, which is also used for experimental verification in the lab, to validate the proposed algorithm for current, flux and speed estimations. The machine parameters are: volts amps hp mh mh rpm ohms ohms poles. Figs. 3 and 4 show the induction machine step response to a command of 20 rpm under no load and full load conditions respectively. In these simulation and experimental results as well, the subscripts -represent the currents and fluxes in the synchronous frame and -show these quantities in the stationary frame of reference. The estimated speed is fed back in the closed loop for speed regulation, and a PI controller is used in the speed regulation loop. The actual machine model is used to calculate the current, flux and speed of the machine. The observer model described in Section II is used to estimate these quantities. The actual and estimated speeds, currents and fluxes are plotted on top of each other to illustrate the algorithm performance. In Figs. 3 and 4 , trace (a) shows the actual and estimated speed, and trace (b) shows the error between the actual and estimated speed. Trace (c) represents the -axis current, and the actual and estimated fluxes along and axis are presented in the trace (d) and trace (e) respectively. In addition, Fig. 4 trace (f) and (g), show the actual and estimated current and flux along the axis in the stationary frame for full load condition.
These simulation results substantiate the expected performance of the proposed algorithm. The estimated machine 
IV. EXPERIMENTAL RESULTS
The experimental test setup consists of a 5 HP cage induction motor, an IGBT inverter, and a flexible high performance Advanced Controller for Electric Machine (ACE) [29] . The DSP on the CPU board performs all real time control functions while a microprocessor performs downloading, data logging, and data communication functions. The proposed algorithm has been extensively tested using this test setup, for a wide speed range and various speed signals. The performance is also evaluated under an external disturbance, and with parameter variation. The results are summarized in this section.
A. Performance Over Wide Speed Range With Various Speed Command Signals
Various tests are conducted to characterize the performance of the proposed algorithm. Fig. 5 shows the observer performance for a 100 rpm (about 5% of rated speed) trapezoidal reference speed using the proposed sensorless algorithm. The trapezoidal reference speed is chosen so that the induction machine under testing experiences both motoring and generating modes of operation, rotating in both directions at variable and constant speeds. The sliding mode function [trace (d)] drives the estimated current to the measured one. Once the estimated current converges to the measured one, flux is obtained by integration of the sliding mode function. The estimated flux is plotted in trace (c). The accuracy of the flux estimation is reflected both in the speed plot, trace (a), and in the current plot, trace (b). In trace (a) the command, estimated and actual speed measured through the encoder are plotted on top of each other. The error between the speed measured through encoder and the estimated speed is about 3 to 5%. Thus the observer proved to estimate the speed correctly, validating the overall control system performance. Note that the algorithm is made fully sensorless by using the estimated speed for speed regulation, and calculating the synchronous speed by adding the command slip and the estimated rotor speed (algorithm is implemented in IFO). The integrated data acquisition capability of the ACE proved quite handy to collect these eight different signals simultaneously.
Next experiments are performed for step, triangular, and trapezoidal speed references to verify the algorithm performance at sharp changes in speed, variable and constant speed over wide speed range. In Fig. 6 Fig. 6 clearly demonstrates that the sensorless control performance to the step speed change from 900 to 900 rpm is very satisfactory. In Fig. 7 , the triangular wave speed tracking demonstrates the observer performance at very sharp corners of the speed transition. Finally, Fig. 8 shows the testing results for a 1500 rpm trapezoidal speed reference for 4-quadrant operation, thus completing the tests over a wide speed range with various command signals.
B. Observer Performance Under External Disturbance
The observer sensitivity to an external load disturbance is investigated in this section. The machine is initially set to operate at 1000 rpm in steady state. A sudden load is then applied to the motor shaft for a short period of time. As a result, the rotor speed under this disturbance dips to about 980 rpm, a decrease of approximately 2%. This speed dip is due to the PI based speed regulator. However, all observers can sense this sudden load disturbance in speed, and act accordingly to maintain the sensorless field orientation control of the induction machine as can be seen in Fig. 9 . 
C. Parameter Variation Effect
The designed observer is robust because of the nature of underlying sliding mode technique and a close loop observer. As discussed in the theoretical analysis, the parameters replaced by the sliding mode functions do not affect the observer performance at all. For instance, the error in the estimated speed does not affect the current and flux estimations. Likewise, an error in the rotor time constant will not affect the observed current and flux either.
One common parameter that varies with the temperature is the rotor time constant. In this test machine is maintained at steady state 1000 rpm and is operated with its nominal rotor time constant. At certain moment the rotor resistance setting of the observer is suddenly set to 1.5 times of its nominal value in the controller, which virtually changes the rotor time constant by 50%. Fig. 10 shows the results as this change is applied to the observer. The estimated speed varies by less than 1% under these conditions (estimated: 992 rpm, measured: 1000 rpm). This proves that the proposed speed estimation is robust under rotor time constant variation without employing any on-line rotor time constant compensation.
V. CONCLUSION
This paper successfully developed a new current model flux observer for speed sensorless control of induction machines. Based on the simulations and experimental results, the proposed current, rotor flux and rotor speed observers exhibit the following salient features.
1) The proposed algorithm works very well under transient as well as steady state conditions over wide speed range, (from 5% to 100% of rated speed). 2) The current and flux observers do not require any knowledge of the machine speed or rotor time constant because they are absorbed into the sliding mode functions. Thus, the proposed flux observer is not sensitive to any error in speed information or rotor resistance variation, problems commonly associated with the current model flux observer. Speed estimation requires the rotor time constant. However, variation in the rotor time constant has little effect on the estimated speed.
3) The algorithm is simple to implement and is not computationally intensive.
APPENDIX
A. Lyapunov Stability Analysis for the Proposed Observer
The stability of the overall observer structure is guaranteed through the stability analysis of the current observer. The Lyapunov function for the proposed sliding mode current observer is chosen as where . The Lyapunov function is positive definite. This satisfies the first Lyapunov stability condition. The second condition is that the derivative of the sliding mode functions must be less than zero i.e., with
Using (1) and (4), can be written as Therefore This implies that if (14) where By selecting a large enough found by the existence condition above, the convergence of the current observer can be guaranteed. The selection of in real implementation is quite trivial. This is because even though has a bound on its minimum value defined by (14) , there is no restriction on its upper limit. Therefore, it can be tuned very easily for satisfactory current convergence.
